In Limulus photoreceptors, light induces a depolarization. The gating mechanism of the cation channels involved is not understood but evidence exists that cyclic nucleotides may act as ligands. Using an antiserum against a cGMP-protein conjugate, we found strong immunoreactivity localized to the light-sensitive rhabdoms of lateral eye photoreceptors. In homogenated tissue, the cGMP concentration was on average 0.2 pmol/mg retinal tissue protein both in light-and dark-adapted eyes. Phosphodiesterase inhibitors caused a 2-3-fold increase in the cGMP level. Despite our failure to detect a light dependence of the cGMP concentration, these results support the proposed role of cGMP in Limulus phototransduction.
Introduction
In invertebrate photoreceptors, light absorption by the visual pigment rhodopsin leads via a biochemical second messenger signal cascade to the opening of plasma membrane channels. The resulting ion influx causes a depolarizing receptor potential. Details of the phototransduction cascade are still elusive and species differences appear to exist among arthropods and between arthropods and molluscs (reviewed in Hardie & Minke, 1993; .
Phototransduction in the ventral nerve photoreceptor of the horseshoe crab Limulus starts with the activation of G q protein by rhodopsin and the subsequent production of inositol 1,4,5-trisphosphate (IP 3 ) by activated phospholipase C. Inositol 1,4,5-trisphosphate acts as an intracellular second messenger to release calcium from internal stores (Brown & Blinks, 1974; Brown et al., 1984; Fein, Payne, Corson, Berridge, & Irvine, 1984; Payne & Fein, 1987; Dorlö chter, Klemeit, & Stieve, 1997; Munger, Schremser-Berlin, Brink, & Battelle, 1997) . This part of the biochemical sequence of events in photoreceptor excitation is well established. Not understood is the gating of the plasma membrane channels, and several mechanisms and gating ligands are discussed. A direct role of calcium in the excitation process (Bolsover & Brown, 1985; Payne, Corson, & Fein, 1986; Shin, Richard, & Lisman, 1993) appears possible since it was demonstrated that calcium release and the electrical photoresponse can occur more or less simultaneously (Ukhanov & Payne, 1995) . On the other hand, an electrical photoresponse can be evoked in the absence of the cytosolic calcium concentration increase (Ukhanov & Payne, 1995; Dorlö chter, Yuan, & Stieve, 1999c) . Therefore, additional pathways that are possibly independent of calcium release have been proposed as transduction mechanisms Nagy, 1991; Faddis & Brown, 1993) .
In analogy to vertebrate phototransduction, cyclic GMP was suggested as a possible channel ligand. Intracellular injections of cGMP and/or the poorly hydrolyzable analog 8-Br-cGMP into the Limulus ventral photoreceptor caused depolarizing membrane currents similar to the light response (Johnson, Robinson, & Lisman, 1986; Feng, Frank, & Fein, 1991) . In some excised patches from the photosensory membrane of the visual cell, cGMP led to the opening of light-depen-dent ion channels (Bacigalupo, Johnson, Vergara, & Lisman, 1991) , and recently a putative cyclic nucleotide-gated ion channel cDNA was cloned from ventral photoreceptors (Chen et al., 1999) . Phosphodiesterase (PDE) hydrolyzes cyclic nucleotides. Microinjections of bovine PDE into ventral photoreceptors decreased flash-evoked membrane currents (Nagy, 1993) . Accordingly, inhibitors of PDE resulted in increased amplitudes of the light response (Johnson & O'Day, 1995) .
With radioimmunoassays, cGMP was demonstrated in homogenates from eyes of various cephalopod species (Saibil, 1984; Johnson et al., 1986; Seidou, Ohtsu, Yamasita, Narita, & Kito, 1993) and in the Limulus ventral photoreceptor (Brown, Faddis, & Combs, 1992) . However, contradictory results were obtained as for the light-dependence of the cGMP level in invertebrate photoreceptors. While a light-induced increase in the cGMP concentration was reported in some studies (Saibil, 1984; Johnson et al., 1986) , no change after illumination was found by others (Brown et al., 1992; Lisman et al., 1992; Seidou et al., 1993) . Similarly, the activity of guanylate cyclase was not influenced by light (Robinson & Cote, 1989) . Thus, the overall picture of the role of cGMP in photoreceptor excitation is not yet clear.
In the present study, we used an antiserum against cGMP to localize the possible sites of cGMP synthesis in the retina of Limulus lateral eyes. In agreement with a role of cGMP in phototransduction, binding of the antibody was strongest in the light-sensitive ommatidial rhabdoms. We also demonstrate cGMP in homogenates from Limulus lateral eyes with a radioimmunoassay approach. Although there is no effect of light on the content of cyclic nucleotides in lateral eyes, we discuss the view that our data support a role of cGMP in photoexcitation.
Some of the results have been published in abstract form (Dorlö chter & de Vente, 1998; Dorlö chter, Sedlmeier, & Dell, 1999a; Dorlö chter, Sedlmeier, & Dell, 1999b) .
Methods
Lateral eyes from male specimens of Limulus (obtained from the Marine Laboratory, Woods Hole, MA, USA) were used for the study. Animals were killed, their eyes excised and each retina was pulled gently from the cornea. Usually, experiments were performed with room light. For dark adaptation, animals were kept in a container filled with artificial sea water in a dark room for 2-6 h, and eyes were excised under dim red light. Alternatively, excised retinae were kept in saline (see below) on ice in the dark for up to 4 h. In some experiments, eyes were illuminated with bright white light from a halogen lamp (150 W) for up to 3 h in situ or in vitro in physiological saline with or without phosphodiesterase inhibitors. 
Immunocytochemistry
Excised lateral eyes were fixed in 4% paraformaldehyde (PFA) in 0.1-M phosphate-buffered saline (PBS) with 30% sucrose at 4°C for 3-12 h, immersed in Tissue-Tek, and frozen in isopentane cooled by liquid nitrogen. Sections (10-20 mm) were cut in a cryostat. Alternatively, eyes were frozen and cut immediately after excision. In this case, pharmacological experiments were done on the sections and the tissue was fixed in PFA afterwards. Sections were washed in PBS and blocked with normal donkey serum (1%) in PBS. The polyclonal primary antiserum had been raised in sheep against a conjugate of cGMP-formaldehyde-thyroglobulin. The antiserum was found to be highly specific for cGMP and did not recognize cAMP or other nucleotides (de Vente, Steinbusch, & Schipper, 1987) . The antibody was diluted 1:300 or 1:600 in PBS with 0.3% Triton X-100. Sections were incubated with the antibody for 1-4 h at room temperature or at 4°C overnight. For detection of immunoreactivity fluorescent secondary antibodies (FITC-conjugated donkey anti-sheep IgG, Serva, or Alexa 488, Molecular Probes) were used, diluted 1:200 in PBS. Sections were mounted in Fluoromount (Serva, Heidelberg) and viewed and photographed with an Axiophot microscope (Zeiss, Oberkochem).
The sensitivity of the immunocytochemical detection of cGMP was studied in vitro using a cyclic-GMPformaldehyde-BSA conjugate. The cGMP antiserum was incubated overnight at 4°C before application to tissue sections. Starting at a concentration of 0.1 mg/ml and at constant BSA concentration, cGMP-BSA was effective in abolishing cGMP-immunostaining down to a concentration of 0.1 mg/ml of the conjugate. At 0.01 mg/ml staining started to reappear. From the number of cGMP molecules incorporated into the BSA (determined spectrophotometrically), we could calculate a concentration of approximately 0.5-mM cGMP conjugated to BSA in solution, which was effective in abolishing cGMP immunostaining. This means by extrapolation, as immunostaining was not restored completely at 0.01 mg/ml, that the minimal detectable concentration of cGMP in tissue is between 0.1 and 0.05 mM cGMP fixed to the protein. This calculation is not unambiguous, because some cGMP will be lost from the tissue during fixation and washing. In addition, the cGMP-BSA epitopes may be different from the cGMP-protein epitopes found in the tissue, and hence have different affinities for the antiserum.
NADPH diaphorase
Histochemical staining of lateral eye tissue for NADPH diaphorase was done on frozen sections from retinae fixed with PFA. Sections were incubated for 60 -90 min in 0.05-M Tris -HCl containing b-NADPH (1 mM), nitro blue tetrazolium (0.5 mM) and Triton X-100 (0.2%). They were washed with Tris -HCl and distilled water and mounted in aquatex (Merck). Conrol sections were incubated without b-NADPH.
Radioimmunoassay
Cyclic nucleotide concentrations in lateral eye homogenates were measured using commercial radioimmunoassay kits (Amersham, UK). The detection limit was 0.04 pmol cGMP. Eyes were frozen in liquid nitrogen immediately after excision at room light. Alternatively, they were dark-adapted or illuminated while in physiological saline (with or without IBMX and zaprinast) for 2 -4 h and frozen afterwards. The tissue was stored at −80°C. Each frozen retina was homogenized in 200 ml absolute ethanol on ice and centrifuged at 12000×g and 4°C for 5 min. The supernatant was collected, the pellet washed with 200 ml ethanol and centrifuged again. The pellets were stored at −80°C for protein determination with the bicinchoninic acid (BCA) test (Pierce, Rockford, IL, USA). The supernatants were pooled, dried and re-dissolved in Tris/EDTA buffer. Cyclic GMP measurements were done in triplicate following the assay protocol recommended by the supplier.
Results

Immunocytochemical localization of cyclic GMP in Limulus eyes
In order to detect and localize cGMP in Limulus lateral eyes, we applied an antiserum against paraformaldehyde-conjugated cGMP on fixed and frozen retina sections. An ommatidium in the compound lateral eye consists of 10 -20 photoreceptors, the retinular cells. They are arranged concentrically around the dendrite of an eccentric cell, which is probably not photoreceptive (Behrens & Wulff, 1965) . Retinular cells contain pigment granules and, in addition, are surrounded by pigment cells (Fig. 1A) . Fig. 1B and C show the distribution of immunoreactivity (IR) on sections from light-adapted eyes fixed immediately after excision. The same labeling pattern but more reliable staining was found when retinae were frozen, sectioned and subsequently fixed on the slides. Clearly, the highest fluorescence intensity was observed over the rhabdomeral part of the photoreceptors. Some faint fluorescence was present throughout the cell bodies of the retinular cells, part of it was probably obscured by the pigment granules in their cytoplasm. No staining was found in the eccentric cell dendrites in the center of each rhabdom. Brightly stained cell bodies and processes were often observed in the tissue surrounding the lateral eye ommatidia and in the neuropil underlying the photoreceptor layer of the retina. No attempt was made to characterize these cells further. Controls (n= 3) without the primary antibody showed no staining (Fig. 1D) .
The influence of inhibitors of endogenous phosphodiesterase on cGMP-IR as well as the light and calcium dependence of cGMP-IR were tested on lateral eyes with various in vivo or in vitro treatments prior to fixation. The experiments are summarized in Table 1 . None of the conditions had an obvious effect on either the distribution or the intensity of cGMP-IR. For comparison with sections of untreated eyes, Fig. 1E shows results from a light-adapted retina that was incubated for 30 min in low calcium saline (0.25 mM Ca + ) containing the phosphodiesterase inhibitors IBMX (2.5 mM) and zaprinast (60 mM).
Cyclic GMP can be synthesized either by membranebound (particulate) or soluble guanylate cyclases in vertebrate photoreceptors, and the soluble isoform is stimulated by nitric oxide (NO) as in many other systems (reviewed in Pugh, Duda, Sitaramayya, & Sharma, 1997) . To test whether the enzyme synthesizing cGMP in lateral eye rhabdoms is activated by nitric oxide, an excised retina was incubated for 10 min in the presence of the NO donor sodium nitropusside (SNP, 4 mM) in physiological saline containing IBMX. This procedure did not result in increased cGMP-IR either in rhabdoms or in the interommatidial tissue (not shown).
NADPH diaphorase staining
Nitric oxide is generated by NO synthase, an enzyme that possesses NADPH diaphorase activity. Histochemical staining of lateral eye sections (n=2) showed that neither the photoreceptors nor the interommatidial tissue have NADPH diaphorase activity. There was no difference between sections treated with the substrate NADPH and controls without NADPH (not shown).
Cyclic nucleotide content of Limulus lateral eyes
The concentration of cyclic GMP in homogenates from lateral eyes of Limulus is shown in Fig. 2 . In eyes excised from light-adapted animals the cGMP content varied from 0.24 to 0.64 pmol per retina. The average cGMP concentration (9 S.D.) per mg total protein was 0.189 0.08 pmol (n= 4 eyes).
To test the effect of illumination on the cGMP level, we kept one eye of each pair (n= 5) of excised eyes in physiological saline in the dark for at least 2 h. The contralateral eye was kept in saline containing the The axon of the eccentric cell in the center of the rhabdom integrates the photoresponses but is probably not light-sensitive itself. The shape of the rhabdom as well as its size varied within a section and among sections, probably caused by the fixation and immunocytochemical staining procedure. B, Cross and C, more or less longitudinally sectioned ommatidia from lateral eyes that had been subjected immediately after dissection to immunocytochemistry with sheep antiserum against a conjugate of cGMP-formaldehyde-thyroglobulin. Within the ommatidia, highest cGMP-immunoreactivity was observed in the rhabdoms (arrowheads), while the cytoplasm of the photoreceptor cells was only faintly fluorescent. No or only very weak fluorescence was found in the eccentric cell axon. In the tissue surrounding the ommatidia, brightly fluorescent cells or cell processes were often present. D, Control section incubated without the primary antibody. E, Section from a lateral eye that had been incubated prior to fixation for 30 min in low calcium saline (0.25-mM Ca 2 + ) containing 2.5-mM IBMX and 60-mM zaprinast. No difference in staining intensity of the rhabdom was detected as compared with untreated tissue. This particular ommatidium appears to show some immunoreactivity in the axon of the eccentric cell but in other ommatidia much less or no fluorescence was observed in the eccentric cell. Bar= 40 mm for B-E. Dark-adapted eyes Light-adapted eyes 6-h darkness in vivo, followed by in vitro (a) IBMX, 2.5 mM in physiological saline (PS), 30-60 Phosphodiesterase inhibitors b min at room light (n=6); or (b) IBMX with additional incubation in PS with IBMX for 15-30 min in darkness (n = 7) zaprinast, 60 mM, in PS, 30-60 min at room light (n= 5) 6-h darkness in vivo, (a) subsequent illumination in situ Illumination 6-h darkness in vivo (n = 4) for 5 s (n= 1); or (b) illumination in vitro in PS with IBMX for 15 min (n=4) Reduced calcium concentration (a) illumination in low calcium saline for 30-60 min 6-h darkness in vivo, followed by in vitro (n=2) or (b) illumination in low calcium saline with incubation in low calcium saline with IBMX for (0.25 mM) 30 min in darkness (n = 2) IBMX and zaprinast for 30-60 min (n = 6), see Fig. 1D ; or (c), 6-h darkness in vivo, followed by in vitro incubation in low calcium saline with IBMX for 30 min in darkness, followed by illumination for 15 min (n =1) a For details of saline compositions and drug application, see Section 2. None of these conditions led to an increase in cGMP-IR or a change of the staining pattern as compared with sections from untreated lateral eyes.
b In contrast to these immunocytochemical results, phosphodiesterase inhibitors did affect the concentration of cGMP in lateral eye homogenates, see Section 3. n, the number of eyes used.
phosphodiesterase inhibitors IBMX and zaprinast and was illuminated with bright light for the same period of time. A different set of three pairs of lateral eyes was used as a control for the effect of the PDE inhibitors. In these controls, both the dark-adapted and the illuminated eyes were incubated in the presence of IBMX and zaprinast.
In illuminated eyes treated with PDE inhibitors, the average cGMP concentration was increased to about 270% of the value from dark-adapted eyes without PDE inhibitors (Fig. 2) . However, no significant difference in the mean values or in single-data comparisons between the two eyes of the same animal was found when IBMX and zaprinast were added to both illuminated and contralateral dark-adapted eyes (mean9 S.D., 0.519 0.27 vs. 0.4590.21 pmol/mg protein, Fig.  2) . Therefore, the almost 3-fold increase in the cGMP level in the previous experiment was probably not an effect of light but was caused by the inhibition of endogenous phosphodiesterase and subsequent accumulation of the cyclic nucleotide during the incubation period.
We did not attempt to use the radioimmunoassay approach for further experiments, e.g. with low calcium incubation, because any interpretation of these results as for their significance in terms of phototransduction is very difficult. From measurements of cGMP concentration in homogenates of whole lateral eye retinae, it is not possible to localize the increase in the level of cyclic nucleotides to the light-sensitive rhabdoms in photoreceptors or specific cell types. Changes can occur in photoreceptor cell bodies or even in cells unrelated to the phototransduction process, such as nervous or other tissue surrounding and underlying the ommatidia. Fig. 2 . Cyclic GMP concentration determined with a radioimmunoassay in homogenates of Limulus lateral eye tissue. Freshly excised eyes from light-adapted animals (LA, n = 4 eyes from two animals) were used to determine the basal level of cGMP in retinal tissue. The effect of illumination was tested in five pairs of eyes kept in physiological saline on ice for 2 -4 h. One eye of each pair was illuminated with bright white light and phosphodiesterase inhibitors were added to the saline (LA +PDE-I), while the contralateral eye was kept in the dark without PDE inhibitors (DA). To control the effect of inhibiting endogenous phosphodiesterase, additional three pairs of eyes were illuminated or dark-adapted in saline containing PDE inhibitors (LA +PDE-I and DA + PDE-I, respectively). Data are given as mean 9 S.D.; *, P B0.05 LA +PDE-I vs. DA, paired t-test.
Discussion
With two independent methods, we here demonstrate cyclic GMP in Limulus lateral eyes. In accordance with a role in the phototransduction mechanism, highest cGMP immunoreactivity was found in the light-sensitive rhabdoms in lateral eye photoreceptors. However, under a variety of conditions including calcium reduction and light and dark adaptation, we were not able to detect changes in the cGMP-IR. Similarly, we did not find an effect of illumination on the cGMP concentration in lateral eye homogenates. On the other hand, application of phosphodiesterase inhibitors caused an increase in cGMP levels in both light-and darkadapted eyes, indicating the presence of a cGMP-hydrolyzing enzyme. Lack of NADPH diaphorase activity in lateral eye tissue and the failure of sodium nitroprosside to induce increased cGMP-IR suggest that the guanylate cyclase in lateral eye photoreceptors is not stimulated by nitric oxide.
The cGMP concentrations in Limulus lateral eyes were slightly lower than but in the same order of magnitude as those measured in cephalopod eyes (0.7-3.0 pmol/mg protein or 2.4 pmol per retina in Loligo and Octopus; Johnson et al., 1986; Brown et al., 1992; Lisman et al., 1992; Seidou et al., 1993) . They are at the lower end of the range published for the ventral nerve of Limulus (0.5-92 pmol/mg protein, Brown et al., 1992) . Our immunocytochemical approach showed that the cyclic nucleotide was concentrated mainly in the rhabdoms while the rest of the ommatidial as well as the surrounding and underlying nervous tissue contained little or no antibody binding. Thus, the cGMP level measured in homogenates of whole lateral eyes is probably more 'diluted' than in the study by Brown et al., 1992 who used the photoreceptor-enriched end organs of the ventral nerve. The concentration of cGMP at the site of phototransduction in or close to the microvilli is probably about 10 6 -fold higher. Based on tests of the sensitivity and crossreactivity of the sheep anti-cGMP antiserum that we applied for immunocytochemistry, we estimate the local concentration of cGMP in the photoreceptor rhabdoms in the micromolar range (see Section 2; Tanaka, Markerink-van Ittersum, Steinbusch, & de Vente, 1997).
If cGMP participates in photoexcitation, one could expect increased cGMP concentrations in illuminated photoreceptors. This was, indeed, reported in two studies on squid (Saibil, 1984, Alloteuthis; Johnson et al., 1986, Loligo) . In the present work, we failed to demonstrate a light effect on cGMP levels in Limulus lateral eyes. Similarly, others found no change in cGMP levels of illuminated as compared with dark-adapted Limulus ventral nerve photoreceptors (Brown et al., 1992) or cephalopod retinae (Seidou et al., 1993, Octopus) , and the results on Loligo could not be reproduced (Brown et al., 1992; Lisman et al., 1992) . However, these negative results should not be overrated. When visual cells are light-adapted for prolonged periods of time, cGMP synthesis and degradation are probably in an equilibrium in which cGMP is supplied continously by guanylate cyclase and hydrolyzed by phosphodiesterase. Thus, the overall concentration of cGMP may be only slightly higher than in the dark-adapted state. Even with a short saturating flash of light, the fractional increase in the cGMP concentration may be below the detection limits of the methods used. In vertebrate photoreceptors, where the role of cGMP as the channel-gating ligand is no longer disputed, it is assumed that any changes of the cGMP concentration during the light response are caused by changes in the free rather than the protein-bound cGMP pool. This pool of free cytoplasmic cGMP, however, is less than 10% of the total extractable cGMP concentration (reviewed in, Kaupp & Koch, 1992; Pugh et al., 1997) . Using a rabbit anti-cGMP antiserum, Gotzes, de Vente, and Mü ller (1998) had problems detecting unequivocal cGMP-immunoreactivity in bovine rod outer segments and found a reliable signal only when retinae were incubated in calcium-free solutions to minimize cytoplasmic calcium concentration, and thus, inhibition of guanylate cyclase.
Cyclic GMP-IR was not enhanced after lateral eyes had been incubated under low calcium conditions, although in the Limulus ventral photoreceptor, lowering the extracellular calcium concentration leads to reduction of Ca i and to an increased and prolonged electrical photoresponse (Millecchia & Mauro, 1969; Lisman & Brown, 1972) . Again, limitations of the immunocytochemical method could have been the reason for the negative finding. On the other hand, the activity of guanylate cyclase in Loligo outer photoreceptor segments was not influenced by changes in the calcium concentration of the homogenate (Robinson & Cote, 1989) . In addition, there is evidence that in the ventral photoreceptor not the complete photoresponse is calcium-dependent. One of the two types of singlephoton responses in the ventral photoreceptor was not enlarged in low extracellular calcium concentration (Dorlö chter, Yuan, Hennig, & Stieve, 1996) . Prolonged complete calcium deprivation of the photoreceptor eventually reduces the light response (Maaz & Stieve, 1980; Bolsover & Brown, 1985) . Again, part of the receptor current appears to be insensitive to calcium withdrawal (Contzen, Richter, & Nagy, 1995; Ukhanov & Payne, 1995; Dorlö chter et al., 1996 Dorlö chter et al., , 1999c . Agents that inhibit the production or action of IP 3 reduced the transient phase of the response to a step of light but failed to block the plateau phase Faddis & Brown, 1993) . It is, therefore, possible that only the calcium-insensitive part of the photocurrent is controlled by cyclic nucleotide metabolism. The response of the dark-adapted ventral nerve photoreceptor to a very bright light flash consists of three components C 1 -C 3 with different kinetics, reversal potentials, and activation characteristics (Deckert, Nagy, Helrich, & Stieve, 1992) . When injecting bovine phosphodiesterase into ventral photoreceptors, Nagy (1993) found a fairly complete inhibition of the early C 1 and the late C 3 component in the complex photoresponse. The C 2 component was virtually not affected. This C 2 component had been attributed to the phospholipase C cascade (Contzen et al., 1995) in the course of which calcium is released (Brown et al., 1984; Fein et al., 1984; Payne & Fein, 1987) .
Incubation of lateral eyes in saline containing the phosphodiesterase inhibitors IBMX and zaprinast caused an up to 3-fold increase in the cGMP concentration over a period of 2-3 h in the dark as well as light. Since we did not supply the photoreceptors with GTP, we cannot tell whether this is the maximally possible increase over this period of time. Nor do we know whether the higher cGMP concentration was due to accumulation of the cyclic nucleotide mainly in the rhabdoms or also in the cytoplasm of photoreceptors or even in other cell types. The intensity or pattern of cGMP-IR in lateral eyes were not changed after 30 -60 min of incubation in the presence of PDE inhibitors. This incubation period may have been too short to accumulate sufficient amounts of the cyclic nucleotide. More likely, the immunocytochemical method may not be sensitive enough and too variable for this kind of quantification.
The role of endogenous cyclic nucleotide phosphodiesterase in phototransduction is not clear. In homogenates of retinal tissue from Loligo only 10 -20% of added cyclic nucleotides were hydrolyzed by endogenous phosphodiesterase, and the presence of 1-mM IBMX did not affect the results (Robinson & Cote, 1989) . With bath concentrations of 2.5-mM IBMX and 60-mM zaprinast (as in our study), intracellular recordings of the electrical light response showed no increase but even a small reduction of the receptor potential amplitude in the ventral photoreceptor when the cell was illuminated with dim flashes. Only with bright flashes the receptor potential was enlarged, and the effect of the drugs was more pronounced when the intracellular calcium concentration was reduced due to lowering the bath calcium concentration (Johnson & O'Day, 1995) . Calcium thus seems to stimulate PDE, which was indeed shown in homogenates of squid retina. Free calcium concentrations in the physiological range between 10 − 7 and 10 − 5 M increased PDE activity in both membrane and soluble fractions (Brown & Kelman, 1996) . If the situation in intact ventral photoreceptors of Limulus is similar, the significant rise in the intracellular calcium concentration up to 150 mM (Ukhanov & Payne, 1995) following a bright flash of light is likely to reduce the cGMP concentration. This may be one step in the light adaptation mechanism, in which Lisman and Brown (1972) proposed a crucial role of calcium.
Little is known about guanylate cyclase in invertebrate photoreceptors. The absence of NADPH diaphorase staining in Limulus lateral eye sections and the failure to induce additional cGMP-immunoreactivity by the nitric oxide donor sodium nitroprusside both indicate that the guanylate cyclase in Limulus photoreceptors is not of a nitric oxide-stimulated soluble isoform but probably membrane-bound. This agrees with findings from isolated Loligo distal photoreceptor segments, where guanylate cyclase activity was detected only with the membrane fraction. The activity of the enzyme was not affected by sodium nitroprusside and was not changed by illumination (Robinson & Cote, 1989) . By contrast, a 2-fold faster cGMP synthesis was reported for illuminated as compared with dark-adapted retinal extracts of the squid Alloteuthis (Saibil, 1984) , indicating either a stimulating effect of light on guanylate cyclase or an inhibiting effect on the activity of phosphodiesterase.
In summary, while a number of questions are still open, our study has added support to the 'cGMP hypothesis' of invertebrate photoexcitation. The presence of cGMP in Limulus lateral eyes and the precise localization of cGMP-immunoreactivity to the light-sensitive rhabdoms favor a role of the cyclic nucleotide in the phototransduction mechanism, even if we were not able to demonstrate a light dependence of cGMP metabolism.
